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ABSTRACT

Gains from a cascaded Wiener filte r , three component adaptive

(TCA) filter , and prewhitened matched fil ter were measured for variou s or-

ders of application to long-period surface waves buried in seismic noise. It

was found that the gain of the cascaded Wiener f i l ter  followed by the three

component adaptive f i l ter  was greater  tha n the sum of their individual gains ,

and that this was the best order of application , but that following them with

the matched filter reduced the overall gain over the range of input signal-to-

noise ratio of interest .  These results are due to the non-linear nature of the

TCA and to the distortion inherent in its output.

• A large number of earthquake s from the Kurile Islands as re-

corded at the Guam Seismic Research Observatory were processed using

cascaded Wiener f i l ter , TCA , and matched filte r , in that orde r . The body-

wave magnitude at which 50% of the events were detected by means of long-

period surface waves was reduced from mb= 4. 6, the value when onl y a band-

pass f i l ter  was used , to near mh = 3. 8. The precise threshold using cascading

could not be determined accurately due to a lack of non-detected events at low

magnitudes. Use of the matched f i l ter  added no detections to those achieved

by the other two processors .

Surface wave magnitudes associated with these detections de-

creased l inear ly w ith rn.0 to about mb 
4. 0, where they decreased no further,

• due to bias from noise. Over their linear range they lay about 0. 2 M units

below the M -  mb relation for bandpass fil tered data , implying a signal deg-

redation of that amount.
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• SECTION I

- 
INTRODUCTION

- 

. 
In a previous report , the performance of three seismic signal

processors, as applied to long-period surface wave data, was examined.

The processors were optimized in that study b y burying la rg e signals in

• noise at known levels , and comparing the gains achieved by each processor

with that of a simple bandpass filter.

- The present report extend s that work to the measurement of

the gains of cascaded processors; that is , the total gain when the output of

one filter is used as the input of another. Also , detection threshold reduc-

• tion is measured by applying the cascaded processors to observed data , and

• 
• surface wave magnitudes are obtained from detections so as to examine their

• behavior.

Section 11 of this report describes the processors studied.

Section III is concerned with the gain and amplitude degradation to be ex-

pected from the cascaded signal processor s, and Section IV presents the

threshold reduction and magnitudes measured from a large data set. Con-

clusions are presented in Section V.

I— 1
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• . SECTION II

- - SIGNAL PROCESSORS

Three seismic signal processors - a Wiener filter , a pre-
whitened matched filter , and the three component adaptive filter (TCA) - are
studied in this report and -are briefl y described here, A more complete de-
scr iption is given by Lane (1976).

The functional form of the frequency domain Wiener filter
(Robinson and T rietel , 196 7) is:

W(c~,) 

~~~~ 
+ 4 ( ~

,,) +4 ~~(~j)  
~~~~~~~ 

(11-1)

whe re 4 is the expected value of the signal power spectr um, 
4~ 

the ex-
pected value of the noise power spectrum, 

~ 
the expe cted value of the

signal-noise correlation function , and Co the angular frequency. The symbol
* denote s the complex conjugate .

The expected signal spectrum 4 is found by avera ging togeth-
er amplitude and phase spectra from a number of large event s from a small
source re gion. Separate filters should be designed for earthquakes and ex-

• plosions. The square of the amplitude spectrum, i~~~~~, is the signal powe r
spectrum required by equation (11-1), and is only suitable fo r the detect ion of

• events from the region used to form 4 .  The noise power spectrum is found
by ave ra ging spectra for several segment s of noise prior to the signal arriva l
time, thu s incr easing th e reliability of the resulting spectrum. The signal-
noise cor relation term 41 is taken to be zero , as u sual.Sn
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• The form of the matched filter is:

*

M(~~) = . (11-2)

The spectra 41 and 41 are those found by averaging as for the Wiener filter.

The matched filter is again appropriate only to the region for which 41 was

formed.

The TCA filter segments the time data , Fourier t ransforms it ,

designs and applie s a filter whose weights depend on how well the data fit a

model o .  the si gnal and noise , inverse t ransforms, arid smooths overlapp ing

segments together to give continuous filtered data. The model for Ray leig h

waves assumes that uncorrelated noise is present with equal amplitude on

radial and vertical traces, and that the radial phase lags the phase of the

vertical component by 1T/2. Weights are assigned according to how well the

observed data fit this model , and applied equally to the radial and vertical

traces.

The Love wage model assumes that the noise is equal and ur.-

correlated on the radial and t ransverse  components, and that the signal is

present  on the t ransverse  compo nent onl y. High filter weights are applied

to the t r ansverse  component when the data fit this model , while radial and

vertical motions ar e  unaffec ted .  For both f i l ters , data outside the expected

signal band from 0.024 Hz to 0. 059 Hz are set to zero.

Lane (1976) presents the results of processing large signal s

buried in seismic noise at known signal-to-noise r ati o with each of these

proce3sors  individually. The Wiener fi l ter achieved gains over a simple

bandpass fi l ter of up to 6 dB. The matched fi l ter ’ s performance on a g iven

signal -noise samp !.e pair was similar to that of the Wiener filters in terms

of the shape of the gain versus input level curve , but gains were about 4 dB

11-2
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higher. The TCA had the highest gain, amounting to 15 dB in some cases,

~
. I but this was achieved at the expense of noticeable signal distortion.
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r

I -

1 11—3

L I  

_____



SECTION III
PERFORMANC E ON SIGNALS BURIED IN NOISE

Here we present curves of gain of cascaded signal processors

over bandpass filtered results, using large events buried in seismic noise

at known levels. The signal degradation produced by this process is also

reported.

• It is clear that the matched filter should be applied last in

any cascade of signal processors, since its output contains no information

concerning the signal other than time of arrival and amplitude, and the

TCA and Wiener filter require more information than this for implementation.

Furthermore, since the TCAis a non-linear filter whose gain increases as the

input signal-to-noise ratio increases, it is important to precede it with the

best possible prefilter.  Thus the logical processin g sequence is Wiener

filter followed by TCA followed by matched filter.  Result s will be pre-

sented here for this sequence, and these results are better than those

achieved by any other combination tested.

Figure 111-i shows typical results for the radial component

of a large si gnal buried in seismic noise. The signal iii this case was gen-

erated by an event from Kamchatka on day 231 of 1976 and recorded at a

single site at ALPA . The noise was recorded on day 41 of the same year.

The horizontal axis is the true signal-to-noise ratio (peak signal to RMS

noise) at which the event was buried , and the vertical axis is the gain of

various processors over a simp le bandpass filter.

The Wiener f i l ter  showed very little improvement over the

bandpass filter for this signal-noise combination , never achieving more

• than 0. 7 dB gain. When followed by the TCA, however , over 10 dB gain

In-i
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- 
was found at 6 dB input signal-to-noise ratio. When the matched filter (MAT)

a followed the Wiener filter and the TCA , the gain was reduced somewhat over
• 

- - most of the range of input signal-to-noise ratios studied.

• This reduction in gain occurred for every combination of
• • signal and noise studied, and is due to the distortion of the output signal
- b-sr the TCA , as noted by Lane (1976). Only at the highest input levels are

the output s sufficiently faithful reproductions of the inputs for the matched
• filter to yield any gain. 

-

Also plotted on Figure 111-1 is the sum of the gains of the

Wiener filter and the TCA when applied to the data separately. These gains

do not sum to the gain achieved by the cascaded processors due to the non-

linear nature of the TCA . It is of interest that the matched filter begins to

show gain over the cascaded Wiener filter and TCA at about the same point

as that where the Wiener filter and TCA gains sum to the cascaded gain.

This is because at that level the TCA has become nearly linear and its

output is becoming a closer replica of the input waveform.

For comparison, the gain of a cascaded bandpass filter

and TCA is also shown on Figure UI-i.  The Wiener filter improves the

performance of the TCA by about 4 dB relative to the bandpass filter , al-

though the gain of the Wiener filter alone is neg li gible. This is , of course ,

due to the non-linear nature of the TCA.

Two effects combine to prevent the threshold reduction of

cascaded detectors from being as great as implied by the gain curves of

Figure Ill-i. These are the presence of interfering event s , and variations

in si gral amplitude.

- The Wiener filter requires an e stimate of the noise power

• spectrum at the time of the signal arrival , and this is obtained by averaging

111-3



power spectra for as many 128 point segments of noise as are availab le be-
fore the predicted signal arrival time. If a large event precedes the desired
signal , only a few segment s, or none , may be available for purposes of noise

estimation, even though no interfering event energy actually appears in the

signal arrival gate. A Wiener filter designed under this handicap will nat-

urally give performance inferior to one which has a good estimat e of the noise
pàwer spectrum. Since the events used in the detector evaluation occurred in
larg e par t in swarms , a significant number of them were affected. Long-
per iod bodywaves, which are of only a few cycles duration and are undetect-
able in the magnitude range of interest , will not contaminate the noise power
spect rum significantly.

Second , the Wiener filter also requires the expected signal
power spectrum. Effectively this is a requirement for the expected signal

peak amplitude. Thi s amplitude , A , was found in the present study by elim-

inating M from the empirical relationship between M and rn .0.

M = -2.22 + 1.25 m
b (Ill-i)

and the definition of M
S

M = log (4-) + log (A) (111-2)

where A is the epicentral source to receiver distance , A is the peak-to-
peak amplitude , and T is the period.

However , due to variations in observed surface wave magnitude
• about the average value at a given mb, the amplitude predicted by equations

(111-i) and (111-2) may be in er ror by a factor of 3 or more. This will intro- - -
duc~e an error of unknown magnitude into the Wiener filter design, and thus *

into its output.

111-4



The detection threshold at which each signal was first detected
• is marked with the letter D on Figure Ill-i. Detection thresholds are much

more subj ective measurement s than are gains , so les s weight should be placed
on the threshold reduction achieved. It should also be remembered that the

- - detection with the matched filter was made without the aid of dispersion , con-
tributing to its relatively poor performance. The point marked D for the sum
of the Wiener and TCA gains is that at which the TCA alone detected. There
is perhaps less reduction in threshold than implied by the increased gain of

- • the cascaded Wiener filter - TCA. This is due to the reduced dispersion pre-
sent in the c-~ascaded output resulting from the somewhat reduced bandwidth of
the Wiener filter output . Consequently, a somewhat higher signal-to-noise
ratio is required for detection with the cascaded Wiener filter - TCA.

One advantage of studying det ector performance by burying a
signal in noise is that the cor r ect output amplitude is exactly known, and the
sig nal de gradat ion introduc ed by the processor can be measured. When this
is done for the Wiener filt er described here and by Lane (1976), it was f ound
that losses in peak amplitude of from 10 to 20 dB were usual over the range
of input levels studied. This is not surprising when it is remembered that
the design crit er ion for the Wiener filter is based on power rather than peak
amplitude.

This loss is unacceptable for discrimination, so the output of
the Wiener filter was multiplied by a scale facto r of the form lO/ (SNR) h 3

which was derived empirically by comparison of Wiener filter input and out-
put peak amplitudes. Signal degradation for the Wiener filter , for the cas-
caded Wiene r filter and TCA are shown in Figure 111-2, fo r the same si gnal
and noise combination used in Figure 111-1, but not the combination used to
derive the multiplicative scale factor. Wiener filter losses now range from
2 to 5 dB , while TCA losses range from 5 to 10 dB. The TCA losses are of
course greatest at low input signal-to-noise ratios , where signal distortion

111— 5
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• is greatest. Losses claimed at inputs below detection are for the appropriate

- peak , even thoug h it was not the dominant peak on the record , and may be con-
taminated by noise. It is encouraging that for this combination of signal and

- - noise, at least, the net loss is relatively constant.
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SECTION IV

PERFORMANCE ON RECORDED DATA
a-

A . DETECTION THRESHOLDS

* - 
While curve s of gain versus input signal-to-noise ratio are

valuable for optimizing filter design and gainin g insight into a filter ’s char-

acteristi cs , the final test of performance is the filter ’s effect on the detection

threshold. In this study of the 50% threshold , the bodywave magnitude at

* - which we expect 50% of all event s to be detected by means of their surf ace

• waves, was measured by processing 115 events from the Kurile Island s as

recorded at the Guam Seismic Research Observatory. Thresholds were

measured for data which had been simply bandpa ss filtered , and which had

been processed with cascaded Wiener, TCA , and matched filters. The dis-

tribution of these events with NORSAR bodywave magnitude is shown in Figure

IV-l. NORSAR magnitudes are used since they are unbiased by non-detections

due to noise (Ringdal, 1975).

Figure IV-2 shows histograms of detected and non-detected

events as a function of NORSAR bodywave magnitude for events processed

with the bandpass filter only. Detections were claimed if waveforms met

Strauss’ (1977) criteria for detection. Peaks were required to be twice as

large as any other peak in the preceding 600 seconds if no dispersion was

• present, although they could be smaller if there was dispersion.

Also in Figure IV-2 are detection probabilities as a function of

magnitude and the associated fit of a cumulative Gaussian function , whose

mean is the 50% detection threshold. Thi s threshold is 4. 6 for this

data sample, a typical value for surface waves at a single station.

Iv-’
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All the events listed as non-detections in Figure IV-2 were ex-
amined with a cascaded Wiener filter , TCA , and matched filter. Detection
non-detection decisions were made for each event, using the same criteria
as for the bandpass filtered data. The results are shown in Fig-are IV-3.

This figure shows detection histograms, detection probabilities,
and the best fit to those probabilities for these events detected by the bandpass

filt er alone or by the cascaded Wiener filter and TCA. None of the events
wer e detected by the Wiener f ilter alon e, and no additional event s were detect-
ed by cascading the Wiener filter and the matched filter.

The detection threshold in Figure IV-3 has been reduced sub-

stantially with respect to that of the bandpassed data, but the actual value is
unknown. This is because not enough non-detected events are available at low
magnitudes to fix the low-magnitude end of the curve , due to the limited de-

tection capability of NORSAR , the source of the data set. The 50% threshold
appears to be somewhere near i-nb 3. 8, a reduction in threshold of about 0. 8

units. Thi s is more than the threshold reduction implied in Figure 111-2
of about 8 dB , or 0.4 unit s, confirming the statement made earlier that
such synthetic signals should be used for filter design only, and not for evalua-
tion.

N ext , all event s not detected using the cascaded Wiener filter
and TCA were re-examined using a cascaded bandpass filter and TCA. Eight
additional events wer e detected , and histograms and detection probabilitie s
are shown in Figure IV-4. Again no good cumulative Gaussian curve can be
drawn through the detection probabilities , but in this case th e data ar e more

scattered , as well as having too few low-magnitude non-detections to fix the
curve. Presumably this scatter is due to false alarms in the bandpass pre-
filtered - TCA detections. False alarms will of course become more and

more likely as the same events are subjected to different processing schemes.

Due to this scatte r , no claims are made as to threshold reduction by the ban d-
pass prefilter.
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Considerable scatter in the detection probability at low magni-
tudes is present in both Figures IV-3 and IV-4. This is due to the small num-
ber of event s in this region , leading to great statistical fluctuations in detec-
tion probability. Such point s must be given low weight in any curve fitt ing
procedure.

a-

B . - SURFACE WAVE MAGN ITUDES

Next we consider ma gnitudes measured for the detections of

Figure IV-3 . The average surface wave magnitude at each bodywave magni-
tude is found by the cascaded Wiener and TCA , and by conventional bandpass

• filt er alone , are plotted in Figure IV-5 . Error bars represent one standard
deviation; their absence indicate s that only one event was present at that rnag-
nitude . —

The best linear fit to the cascaded measurements is

M = -O. 37 + 0 . 80 ms b

with correlation coefficient 0. 63. The best fit to the conventionally measured
data in Figure IV- 5 is

M = -1 .27 + 1.09
5

with correlation coefficient 0. 81. The best fit to the set including cascaded

and conventional processing is

M = -1.67 + 1.15
S

with correlation coefficient 0. 86. These curve s are plotted over their range

of validity on Figure IV-5.

However , linear fit s to the data of Figure IV-5 are not really

appropriate , although they are often quoted . Both the conventionally measured

and the cascaded data suffer from bias at low magnitudes, due to the fact that
only those events with r elatively high M value s are detected at low mb s.
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This effe ct is evidenced by a flattening of the M5- i-nb relationship with respect
to its behavior at higher magnitudes , and set s in at about m1~~ 4. 1 for the cas-
caded measurements and 4.8 for bandpass fi lter measurements. Assuming
that the 50% detection threshold is somewhat below the break for the cascaded
measurements as it is for the conventional one s, we again arrive at a thresh-

• old near m
~ 

3. 8 for the cascaded Wiener and TCA processors.

The dashed line in Figure IV- 5 is a fit to the cascaded data be-
tween m~~ 4. 0 and 5. 0. It is roughly parallel to the line through the bandpass
filtered result s and about 0. 2 to 0. 3 M unit s below it. We may take this off-
set as the approximate degradation introduced by the cascaded processors .

• The magnitude of thi s effect is apparently less than that due to noise bias as
• described above. Furthermore, it is less than that of Figure IV-3, although

it is nearly constant , as implied by that figure. This re-emphasizes the point
that evaluations should be conducted on real rather than synthetic data.

We conclude from the similarity of the best fits throu gh the

various populations of Figure IV-5 that the data are probably all from the
same population , so that magn itudes measured by the cascaded Wiener filter -

TCA can be used for discrimination purposes with appropriate correction for
amplitude degradation due to cascaded processing. The amplitud e degradation
implied by F igure IV- 5 is not considered highly significant to the detection
process.
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SECTION V

CONCLUSIONS

The cascaded Wiener fi lter and TCA examined here show great-

er gain than would be predicted by summing their individual gains when applied

to synthetic signals , whe reas cascading then with a matched filter lead to a re-

duction in gain. When applied to real signal s the bodywave magnitude at which

half the events could be detected by long-pe riod surface waves was reduced by

about 0. 8 i-nb units. The matched filter showed no further improvement in

threshcld , as was expected.

Signal degradation when the cascaded Wiener filter and TCA

were applied to the data set used here was estimated at about 0. 2 mb units.

but was not considered highly significant when compared to other sources of

bias inherent in magnitude estimation.

To establish more realistic estimates of the detection and

measurement gains to be obtained by u sing the processor , and to establish

the optimum procedure for using it in a network setting additional study is

needed. Specifically, a lar ge number of events of rn.0 4. 0 should be pro-

cessed to fix the low rn.1~ end of the detection curve.
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